Abstract: Zintl phases are promising thermoelectric materials because they are composed of both ionic and covalent bonding, which can be independently tuned. An efficient thermoelectric material would have regions of the structure composed of a high mobility compound semiconductor that provides the "electron-crystal" electronic structure, interwoven (on the atomic scale) with a phonon transport inhibiting structure to act as the "phonon-glass". The phonon-glass region would benefit from disorder and therefore would be ideal to house dopants without disrupting the electron-crystal region. The solid solution of the Zintl phase, Yb 2-x Eu x CdSb 2 , presents such an optimal structure and here we characterize its thermoelectric properties above room temperature. Thermoelectric property measurements from 348 K to 523 K show high Seebeck values (maximum of ~269 µV/K at 523 K) with exceptionally low thermal conductivity (minimum ~0.26 W/m-K at 473 K) measured via laser flash analysis. Speed of sound data provide additional support for the low thermal conductivity. Density functional theory (DFT) was employed to determine the electronic structure and transport properties of Yb 2 CdSb 2 and YbEuCdSb 2 . Lanthanide compounds display an f -band well below (~2 eV) the gap. This energy separation implies that f orbitals are a silent player in thermoelectric properties, however we find that some hybridization extends to the bottom of the gap and renormalizes somewhat hole carrier properties. Changes in the carrier concentration related to the introduction of Eu lead to higher resistivity. A zT of ~ 0.67 at 523 K is demonstrated for Yb 1.6 Eu 0.4 CdSb 2 due to its high Seebeck, moderate electrical resistivity, and very low thermal conductivity.
energy lost as waste heat. However, there are relatively few materials with high efficiency in the mid-temperature regime (200 -500 °C), where a high thermoelectric figure of merit (zT) material could impact low grade waste heat recovery, such as in industrial processes, and smallscale power conversion, for example in mid-temperature solar thermoelectric generators (STEGs). Yb 2-x Eu x CdSb 2 , described herein, is a new addition to materials with efficient energy conversion (as indicated by the figure of merit, zT) and has potential in the optimal midtemperature STEG operating range and results in a zT at 523 K of 0.67. The significant zT stems from the high Seebeck coefficient and extremely low thermal conductivity of this material due to its complex phonon dispersion and point scattering by defects. This system has an optimized thermal conductivity at or below its minimum theoretical value. These are initial measurements on a new thermoelectric material that has significant potential for future improvement.
INTRODUCTION
Thermoelectric (TE) generators can transform thermal energy into electrical energy. This thermal energy can come from a wide variety of sources such as vehicle exhaust systems 1 and solar radiation. 2 These devices work using the Seebeck effect in two dissimilar materials. Ideally, an n-type (electron conduction) semiconductor and p-type (hole conduction) semiconductor are joined electrically in series and thermally in parallel across a temperature gradient. In a semiconductor, carriers diffuse from the hot side of the gradient to the cold side and, since the carriers are charged, allow for a voltage difference to develop. When a load is connected across the two materials, electricity can flow. The maximum efficiency is governed in part by a dimensionless figure of merit, zT (= S 2 T/ρκ). It follows that in order to achieve high efficiency, it is necessary to have a high Seebeck coefficient (S), low electrical resistivity (ρ) and low thermal conductivity (κ). Slack 3 suggested that the ideal thermoelectric material would be a "phononglass, electron-crystal" (PGEC), in which the material conducts heat poorly, as in an amorphous glass, but can conduct electronic charge very well, as in a crystalline material.
Zintl phases, 4 a subset of intermetallic phases combining ionic and covalent bonding, have been targeted as viable TE materials as they often intrinsically exhibit PGEC properties.
Zintl phases have been studied at temperatures far above room temperature, up to ~1250 K, for TE power generation applications, and show great promise. 5 Powder X-ray Diffraction. Ground powders of pelleted samples were loaded on a Bruker zerobackground holder for powder X-ray diffraction (XRD). XRD data were collected by a Bruker Electron Microprobe Analysis. Pellet pieces from each sample were examined for phase composition by electron microprobe analysis (EMPA) using a Cameca SX-100 Electron Probe
Microanalyzer equipped with a wavelength-dispersive spectrometer with 15 kV accelerating potential and a 20 nA beam current. Small pellet pieces (~1.5 mm x 1.5 mm x 1.5 mm) were coated in epoxy and polished for analysis. The polished samples were mounted on 25 mm metal rounds with carbon tape and coated with carbon for conductivity. Characteristic X-rays generated by samples were qualitatively analyzed by wavelength-dispersive spectroscopy to determine compositions of samples using X-ray intensities of Yb, Eu, Cd, Sb as compared to calibrated standards Yb 14 MnSb 11 , EuGa 4 , Cd (metal), Sb (metal). Elemental mapping was performed to qualify element homogeneity.
Thermoelectric Property Measurement. High temperature thermal diffusivity (λ, shown in Table 2 of the ESI) was measured between 348 and 523 K on 12.7 mm diameter circular pellets using a Netzsch Laser Flash Analysis (LFA) 457 instrument. Measured thermal diffusivity was used to calculate thermal conductivity using the equation κ tot = λρC p , where ρ is the density and C p is the heat capacity. The density was measured using the Archimedes method, and the heat capacity was estimated using the Dulong-Petit equation instrument was used to measure Seebeck coefficient and electrical resistivity via a standard fourprobe method from 348 to 523 K under a helium atmosphere each sample. Samples were cut into bars (~12 mm x 2 mm x 2 mm) using a Buehler diamond saw and polished before measurement.
The probe distance was 6 mm. The Seebeck coefficient, electrical resistivity, and thermal conductivity data were fit to fifth-or sixth-order polynomial functions to calculate zT values.
Computational Details. The present DFT-based electronic structure calculations were performed using the full-potential augmented plane wave plus local orbital method as implemented in the WIEN2K code. [34] [35] [36] The generalized gradient approximation (GGA) as described by Perdew, Burke, and Ernzerhof (PBE) was used for the underlying semilocal exchange-correlation potential. 37 GGA+U calculations with fully localized limit are used for approximating local repulsion effects on localized atomic orbitals. In this method an on-site
Hubbard repulsion U is included for the rare earth 4f orbitals and Cd 4d orbitals. The double counting correction approach proposed by Anisimov et al. 38 and Liechtenstein et al. 39 was chosen for these highly localized orbitals and the value U = 8 eV, Hund's exchange parameter J = 1 eV were chosen for f orbitals in Yb and Eu and for Cd d orbital we applied U = 3 eV.
Although the Cd 4d orbital shows minor participation near the valence edge, Flage-Larsen et.
al. 40 Vibrational analysis and phonon dispersion curves were computed using the plane wave pseudopotential approach, as implemented in the VASP package, 43 with projector-augmented-wave pseudopotentials. 44 GGA+U applied for frozen phonon calculations are based on the approach by Dudarev et al. as implemented in VASP. 45 Phonon dispersion curves, speed of sounds calculations and phonon density of states are obtained using the supercell frozen phonon method and the phonopy code.
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Speed of Sound Measurements. Speed of sound measurements are performed using an Olympus 5072PR Pulser/Receiver system with a gain of 20dB and a 5kHz signal. Both longitudinal and shear measurements were made, using Olympus V112 (longitudinal) and Olympus V156 (shear) transducers and an Atten ADS 1102 oscilloscope.
Hall Measurements. Hall effect and resistivity measurements are performed using the Van der Pauw geometry on home-built apparatus. 47 Measurements are conducted up to 523 K under dynamic vacuum (<10 -4 Torr). Contacts are pressure-assisted nichrome wire.
RESULTS/DISCUSSION
Powder X-ray Diffraction and Sample Purity.
The Yb 2 CdSb 2 structure type crystallizes in the noncentrosymmetric space group Cmc2 1 and has been well described by previous publications. 29, 30 Ball-milling of elements followed by spark plasma sintering (SPS) resulted in samples with densities greater than 90% of theoretical values. Figure 2 shows the powder X-ray diffraction (PXRD) patterns of ground pellets of Yb 2-
x Eu x CdSb 2 (x = 0.36, 0.85, 1.13, and 1.18, determined from EMPA provided below) compared to the calculated pattern for Yb 2 CdSb 2 (top). Black asterisks indicate small impurity peaks that could not be indexed to this structure type or identified as a known phase. Since this is a consistent impurity for the series, we expect this study will provide insight to the intrinsic properties of the system. 48 Samples show a gradual left-shift in peak position with increasing x as unit cell parameters increase, consistent with Eu being incorporated into the structure primarily in the Yb1 six-coordinate site (Figure 1(b) 29, 30 No further Rietveld analysis was employed due to significant peak broadening, likely from strain stemming from the ball-milling process as well as the high force applied by the SPS process. The band structure of Yb 2 CdSb 2 is shown in Figure 3 Electronic Transport Properties. 53, 54 This is consistent with the cation totals seen in the composition (Table 1) . According to the Nagle electronegativity scale, 55 Yb is more electronegative than Eu which has been suggested to influence carrier concentration because of incomplete electron donation from the cation. 54 The 373 K mobility data ( Table 2) show high values for x = 0, 0.36 and 0.85, not often seen in Zintl phases, and sharply decreases for x = 1.13 and x = 1.18. Additional Hall data are provided in the ESI. The x = 0.36 phase shows the highest carrier concentration. From this, we can propose that Yb vacancies are the major source for charge carriers (total cation stoichiometry is less than 2, Table 1 ), and substituting the Yb site with other alio-and isovalent cations can be a useful tool for band engineered thermoelectrics. The non-monotonous mobility is one of the key subjects of interest of further investigation.
Experimental temperature dependent Seebeck coefficients are shown in Figure 5 The effect of carrier concentration (n) on the calculated Seebeck coefficients is shown in Figure   6 , which reveals that Yb 2 CdSb 2 exhibits a crossover in its temperature dependence, at n ~7• 10 The small changes in hole mobility, which stems from the valence band edge being relatively insensitive to Eu alloying, suggest that co-doping with other elements to achieve a disordered 
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The total thermal conductivity (κ T ) is a combination of lattice (κ L ) and electronic (κ e )
contributions. κ e can be estimated using the Wiedemann-Franz relation (κ e = LT/ρ). Here, L was calculated using equation 2 58 , assuming a single parabolic band (SPB) model and primarily acoustic phonon scattering. L values are shown in the ESI.
In all systems, κ e is small and subtracting it from κ T yields κ L (ESI), the main contributor to κ T .
Cahill et al. 59 proposed an empirical expression for the theoretical minimum for κ L as:
where k B is the Boltzmann constant, V is the average volume per atom, and ν T and ν L are the transverse and longitudinal speeds of sound, respectively. k min values are calculated for each composition and shown compared to κ L and, in each composition, κ L falls below its theoretical minimum. In a physical description, κ L cannot be lower than κ min and it can be inferred that the SPB model is inadequate or there are scattering mechanisms other than acoustic phonon scattering that are present (e.g. ionized impurity scattering) that yield unphysical values of L.
Regardless, κ T is extremely low at these near ambient temperatures, comparable to or lower than other materials 57, 60, 61 at high temperatures where κ T should be at its lowest, and makes this a promising system for thermoelectric applications.
Such low κ T values are not necessarily expected in such a simple structure. Similarly, PbTe, a simple rocksalt structure with no nanoinclusions, complex unit cell or 'rattler' atoms, yielded an inexplicably low κ T (~2 W/m-K). This was attributed to avoided crossing in the phonon band structure and softening of certain branches generating soft lattice behavior. 62 To elucidate the possible origin of the low thermal conductivity of these compounds, the phonon band structure for x = 0 was calculated and is shown in Figure 8 . The lattice thermal conductivity can be expressed in the following equation:
where ν s is the phonon group velocity, c s is the speed of sound, and l ph is the phonon mean free path. According to equation ( (Table 3 ) and support the decreasing thermal conductivity with increasing Eu incorporation as this would increase point scattering throughout the system.
Additionally, as aforementioned, Eu preferentially substitutes on the interlayer site between polyanionic sheets. As the Eu concentration surpasses unity in x = 1.13 and 1.18, Eu is also found on the intralayer site 29 and stretches out the accordion-like polyanionic units. This yields disorder and strain in the lattice, further lowering thermal conductivity as can be seen by the discontinuity in κ T between x = 0.85 and x = 1.13. Experimentally determined speeds of sound ( Figure 9 ) support this conclusion as these values are comparable to other materials with low thermal conductivity, 9, 57 decreasing with increasing Eu concentration. Speed of sound values suddenly make a dramatic drop at x = 1.13, further supporting the idea that the additional Eu on the intralayer site significantly affects the lattice. Thus, it can be concluded that the site specific substitution, alloy scattering, and lack of center of symmetry in this structure type lead to the low sound velocity and significant phonon-phonon scattering that are the origins of the extremely low κ L . and good mobility making it the best in this series for moderate to low temperature applications, as the zT curve for x = 0.36 is slightly greater than that of TAGS, a well known moderate temperature thermoelectric material. 64 Overall, x = 0.36 reaches a maximum zT of ~0.7 at 523 K, an excellent temperature range for waste heat recovery such as in the case of mid-temperature STEGs. However, the thermal conductivity is not the lowest for this composition, suggesting that further tuning of the 2-1-2 family can lead to increased efficiency.
CONCLUSION.
In this paper we have described a promising thermoelectric structure type, These results represent an initial set of measurements that guide our understanding of how to optimize this system further. The very low thermal conductivity of the series is optimized, as the lattice contribution (the major contribution to thermal conductivity) is at or below the theoretical minimum, and further efforts to improve zT can be focused on improving electrical transport properties either through controlling carrier concentration (e.g. aliovalent doping), as zT could likely be greater with higher carrier concentration, or through enhancing thermopower (e.g. band engineering). Further efforts of substituting on the rare earth sites of Yb 2 -xEuCdSb 2 with nonmagnetic group I or group II materials may provide a higher Seebeck coefficient and increase zT further.
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